Dental pulp/dentin regeneration using dental stem cells combined with odontogenic factors may offer great promise to treat and/or prevent premature tooth loss. We previously demonstrated that bone morphogenetic protein 9 (BMP9) is one of the most potent factors in inducing bone formation. Here, we investigate whether BMP9 can effectively induce odontogenic differentiation of the stem cells from mouse apical papilla (SCAPs). Using a reversible immortalization system expressing SV40 T flanked with Cre/loxP sites, we demonstrate that the SCAPs can be immortalized, resulting in immortalized SCAPs (iSCAPs) that express mesenchymal stem cell markers. BMP9 upregulates Runx2, Sox9, and PPARc2 and odontoblastic markers, and induces alkaline phosphatase activity and matrix mineralization in the iSCAPs. Cre-mediated removal of SV40 T antigen decreases iSCAP proliferation. The in vivo stem cell implantation studies indicate that iSCAPs can differentiate into bone, cartilage, and, to lesser extent, adipocytes upon BMP9 stimulation. Our results demonstrate that the conditionally iSCAPs not only maintain long-term cell proliferation but also retain the ability to differentiate into multiple lineages, including osteo/odontoblastic differentiation. Thus, the reversibly iSCAPs may serve as an important tool to study SCAP biology and SCAP translational use in tooth engineering. Further, BMP9 may be explored as a novel and efficacious factor for odontogenic regeneration.
Introduction
P remature tooth loss caused by caries, pulpitis, and apical periodontitis presents a formidable challenge in controlling health care costs and loss of economic productivity, in addition to its adverse effect on the quality of life. Teeth are highly mineralized organs resulting from sequential and reciprocal interactions between the oral epithelium and the underlying cranial neural-crest-derived mesenchyme [1] [2] [3] . While de novo tooth engineering may provide great promise for improving clinical outcomes of dental diseases, harnessing the natural regenerative potential of dental stem cells in dentin-pulp tissues may offer more practical solutions to enhance wound healing and maintain pulp vitality [4] [5] [6] .
Any successful tissue engineering would require at least three components, including biocompatible scaffolding materials, effective biological factors, and progenitors that have differentiation potential of becoming intended tissue types.
Significant progresses have been made toward the identification and characterization of dental mesenchymal progenitors [1, 7] . Conventional mesenchymal stem cells (MSCs) are nonhematopoietic multipotent cells, which have the capacity to differentiate into osteoblastic, chondrogenic, and adipogenic lineages although MSCs have been shown to differentiate into other lineages [8] [9] [10] . Besides bone marrow, MSCs have been isolated from other tissues, including periosteum, brain, liver, bone marrow, adipose, skeletal muscle, amniotic fluid, and hair follicle lineages [9, 10] . While MSCs isolated from various tissues share many similar characteristics, they exhibit discernible differences in their expression profile and differentiation potential [9] . Most of dental structures are derived from dental ectomesenchyme, a zone of condensed cells derived from oral ectoderm during embryonic tooth development [1, 4, 7] .
Dental stem cells are considered a population of MSClike cells, and at least five types of dental stem/progenitor cells have been identified and characterized thus far [1, 7] , including dental pulp stem cells (DPSCs), stem cells from human exfoliated deciduous teeth, periodontal ligament stem cells, dental follicle progenitor cells, and stem cells from apical papilla (SCAPs). Although these postnatal populations have MSC-like characteristics, including the self-renewal capability and multilineage differentiation potential, the dental stem cells are isolated from specialized tissues with potent capacities to differentiate into odontogenic cells, and also have the ability to give rise to other cell lineages with different potency from that of bone-marrow-derived MSCs. Originally isolated from the apical part of the papilla [11] , we previously demonstrated that bone morphogenetic protein 9 (BMP9; also known as growth and differentiation factor 2, or GDF2) is one of the most potent factors that can induce osteogenic, adipogenic, and to a lesser extent, chondrogenic differentiation [12] [13] [14] [15] [16] . Here, we investigate the effect of BMP9 on the osteo/odontogenic differentiation of mouse SCAPs.
To overcome the technical challenge of isolating sufficient stem cells for in vitro and in vivo studies, we sought to investigate whether reversibly immortalized SCAPs (iSCAPs) can maintain long-term cell proliferation without compromising the multipotent differentiation potential. Using the previously characterized reversible immortalization system, which expresses SV40 T antigen flanked with Cre/loxP sites [17] [18] [19] [20] [21] [22] [23] , we demonstrated that mouse SCAPs can be effectively immortalized with an enhanced proliferative activity. The iSCAPs express most of the MSC markers, suggesting that the iSCAPs may be MSC like. BMP9 upregulates lineagespecific regulators Runx2 (osteogenic), Sox9 (chondrogenic), and PPARg2 (adipogenic) and odontoblastic markers, and induces osteogenic marker alkaline phosphatase (ALP) activity and matrix mineralization in the iSCAPs in vitro. Cre recombinase-mediated removal of SV40 large T antigen results in a significant decrease in cell proliferation. The in vivo stem cell implantation studies indicate that the iSCAPs are able to form bone, cartilage, and, to a lesser extent, adipose tissues upon BMP9 stimulation. Taken together, our results demonstrate that the conditionally iSCAPs not only maintain long-term cell proliferation but also retain the ability to differentiate into multiple lineages, including osteo/odontoblastic differentiation. The reversibly iSCAPs may serve as an important tool to study SCAP biology and the SCAP translational use in tooth engineering. Further, BMP9 may be explored as a novel and efficacious factor for odontogenic regeneration.
Materials and Methods
Cell culture and chemicals HEK-293 cell line was purchased from ATCC and maintained in complete Dulbecco's modified Eagle's medium (DMEM) containing 10% fetal bovine serum (Invitrogen), 100 U of penicillin, and 100 mg of streptomycin at 37°C in 5% CO 2 [12, [24] [25] [26] . Unless indicated otherwise, all chemicals were purchased from Sigma-Aldrich or Fisher Scientific.
Generation and amplification of recombinant adenoviruses expressing BMP9, Cre recombinase, and GFP Recombinant adenoviruses were generated using the AdEasy technology as described [12, 13, 15, 27] . The coding regions of human BMP9 and Cre recombinase were PCR amplified and cloned into an adenoviral shuttle vector, and subsequently used to generate recombinant adenoviruses in HEK-293 cells. The resulting adenoviruses were designated as AdBMP9 and AdCre, both of which also express GFP. Analogous adenovirus expressing only GFP (AdGFP) was used as controls [26] [27] [28] .
Isolation and immortalization of SCAPs from mouse lower incisor teeth
All animal studies were conducted by following the guidelines approved by Institutional Animal Care and Use Committee (IACUC). Male CD1 mice, 4 weeks old, were euthanized immediately prior to tissue harvest. The lower incisor teeth were carefully extracted, rinsed in sterile phosphate-buffered saline (PBS), and kept in sterile 100-mm cell culture dishes. The apical papilla tissues were resected and minced into small tissue bits, followed by trypsin digestion (0.25% trypsin and 1 mM EDTA) at 37°C for 20-60 min. The dissociated cells were washed in complete DMEM, plated in six-well cell culture plates, and incubated for 24 h at 37°C. Adherent cells were used as SCAPs. Aliquots were kept in a liquid nitrogen tank. All SCAPs used in this study were within five passages.
To establish the iSCAPs, early passage SCAPs (< 3 passages) were seeded in 25 cm 2 flasks and infected with packaged retrovirus SSR #69, which expresses SV40 T antigen flanked with Cre/loxP sites [17] [18] [19] [20] [21] [22] [23] . Stable iSCAP pools were established by selecting the infected cells with hygromycin B (at 4 mg/mL) for 1 week. Aliquots of iSCAPs were kept in liquid nitrogen tanks.
RNA isolation and semiquantitative RT-PCR
Total RNA was isolated by using TRIZOL Reagents (Invitrogen) and used to generate cDNA templates by reverse transcription reactions with hexamer and M-MuLV reverse transcriptase (New England Biolabs). The cDNA products were used as PCR templates. The semiquantitative RT-PCR was carried out as described [19, [29] [30] [31] [32] . PCR primers (Supplementary Table S1 ; Supplementary Data are available online at www.liebertpub.com/scd) were designed by using the Primer3 program and used to amplify the genes of interest (*150-250 bp). A touchdown PCR program was performed as follows: 94°C for 2 min for 1 cycle; 92°C for 20 s, 68°C for 30 s, and 72°C for 12 cycles decreasing 1°C per cycle, and then at 92°C for 20 s, 57°C for 30 s, and 72°C for 20 s for 20-25 cycles, depending on the abundance of target genes. PCR products were resolved on 1.5% agarose gels. All samples were normalized by the expression level of GAPDH.
Crystal violet staining and quantitative analysis
Subconfluent cells were seeded in 12-well plates and subjected to crystal violet staining at the indicated time points. Images were taken from the plates. For quantitative measurement, the stained cells were dissolved in 10% acetic acid at room temperature for 20 min with agitation. Absorbance was measured at 570-590 nm [33] [34] [35] .
MTT proliferation assay
A modified MTT assay was used as described [24, 31, 33, 34, 36, 37] . Briefly, iSCAPs were infected with AdCre or AdGFP for 16 h, and replated in 96-well plates at a low density in triplicate. At the indicated time points, 15 mL of MTT dye solution was added to each well and incubated for an additional 4 h. Thereafter, 100 mL/well solubilization/ Stop Solution was added to terminate the reactions and to dissolve formazan crystals in a humidified atmosphere overnight. Absorbance at 570 nm was measured using a 96-well microplate reader [33, 34] .
Immunofluorescence staining
Immunofluorescence staining was performed as described [15, 18, 19, 24, 26, 38] . Briefly, cells were fixed with methanol, permeabilized with 1% NP-40, and blocked with 10% bovine serum albumin, followed by incubating with CD73, CD44, CD90, CD117/c-kit, CD29, CD133, CD105/endoglin, CD166/ALCAM, or BMPR-II antibody (Santa Cruz Biotechnology) for 1 h. After washing, cells were incubated with Texas Red-labeled secondary antibody (Santa Cruz Biotechnology) for 30 min. Cell nuclei were stained with DAPI. Stains were examined under a fluorescence microscope. Stains without primary antibodies, or with control IgG, were used as negative controls.
ALP activity assay
ALP activity was assessed quantitatively with a modified assay using the Great Escape SEAP Chemiluminescence assay kit (BD Clontech) and qualitatively with histochemical staining assay (using a mixture of 0.1 mg/mL napthol AS-MX phosphate and 0.6 mg/mL Fast Blue BB salt) as described [12, 13, 15, 24, 26, 28, 29, 39] . Each assay condition was performed in triplicate and the results were repeated in at least three independent experiments. ALP activity was normalized by total cellular protein concentrations among the samples.
Matrix mineralization assay (Alizarin Red S staining)
The iSCAPs were seeded in 24-well cell culture plates and infected with AdBMP9 or AdGFP. Infected cells were cultured in the presence of ascorbic acid (50 mg/mL) and b-glycerophosphate (10 mM). At 10 days after infection, mineralized matrix nodules were stained for calcium precipitation by Alizarin Red S staining as described [12, 13, 15, 24, 26, 28, 29, 39] . Cells were fixed with 0.05% (v/v) glutaraldehyde at room temperature for 10 min and washed with distilled water; fixed cells were incubated with 0.4% Alizarin Red S (Sigma-Aldrich) for 5 min, followed by extensive washing with distilled water. The staining of calcium mineral deposits was recorded under bright-field microscopy.
Oil Red O staining assay
The iSCAPs were seeded in 12-well cell culture plates and infected with AdBMP9 or AdGFP for 10 days. Oil Red O staining was performed as described [15] . Briefly, cells were fixed with 10% formalin at room temperature for 20 min and washed with PBS. The fixed cells were stained with freshly prepared Oil Red O solution (six parts saturated Oil Red O dye in isopropanol plus four parts water) at 37°C for 30-60 min, followed by washing with 70% ethanol and distilled water.
The iSCAP implantation and ectopic bone formation
All animal studies were conducted by following the guidelines approved by the Institutional Animal Care and Use Committee (IACUC). Stem cell-mediated ectopic bone formation was performed as described [13, 15, 20, 32, [39] [40] [41] . Briefly, iSCAPs were infected with AdBMP9 or AdGFP for 16 h and collected and resuspended in PBS for subcutaneous injection (5 · 10 6 /injection) into the flanks, or intramuscular injection of quadriceps (1 · 10 6 /injection) of athymic nude (nu/nu) mice (five animals per group, 4-6 weeks old, female, Harlan Sprague-Dawley). At 4 weeks after implantation, animals were sacrificed, and the implantation sites were retrieved for microcomputed tomography (mCT) imaging, histologic evaluation, and special stains.
lCT analysis All retrieved specimens were fixed and imaged using the mCT component of a GE triumph (GE Healthcare) trimodality preclinical imaging system. All image data analyses were performed using Amira 5.3 (Visage Imaging, Inc.), and 3D volumetric data were obtained as described [20, 29, 32, 40, 41] .
Histological evaluation, alcian blue, and trichrome staining Retrieved tissues were fixed, decalcified in 10% buffered formalin, and embedded in paraffin. Serial sections of the embedded specimens were stained with hematoxylin and eosin (H & E). Trichrome and alcian blue stains were carried out as previously described [12, 13, 15] .
Statistical analysis
The quantitative assays were performed in triplicate and/ or repeated three times. Data were expressed as mean -SD. Statistical significances were determined by one-way analysis of variance and the Student's t-test. A value of P < 0.05 was considered statistically significant.
Results
The iSCAPs from mouse lower incisor teeth can be maintained in long-term culture
The dental pulp is a highly specialized mesenchymal tissue surrounded by a rigid mineralized tissue. The SCAPs represent one of the five types of progenitor cells that can be identified in dental tissues. Although it is well established that the induced pluripotency of differentiated fibroblasts can be achieved through reprogramming with a set of defined factors, such as Oct3/4, Sox9, Klf4, and c-Myc [42] , we sought to investigate whether iSCAPs retain progenitor properties while gaining long-term proliferation capability. We first identified and isolated stem cells of dental apical papilla from mouse lower incisor teeth (Fig. 1A) . The resected apical papilla tissues were collected, minced, and digested with Trypsin-EDTA. Adherent SCAPs were subjected to immortalization using the reversible immortalization vector SSR #69 that contains the hygromycin and SV40
T antigen expression cassette flanked with loxP sites (Fig.  1B) [17] [18] [19] [20] [21] [22] [23] . Primary SCAPs were shown to grow well, although at a significantly lower rate, up to at least five passages (Fig. 1C, panel a) . The iSCAPs grew more rapidly and maintained a high proliferation rate after 15 passages (Fig. 1C, panel b) . The iSCAPs have been passed more than 60 generations by now and proliferate well. Thus, these results indicate that we successfully immortalized SCAPs in vitro.
We next carried out quantitative analyses to compare the proliferative activity between primary SCAPs and iSCAPs. Using crystal violet staining assay, we found that iSCAPs reached complete confluence at day 5 while primary SCAPs reached complete confluence at day 7 when both started with a similar cell density ( Fig. 2A, panel a) . A quantitative assessment of the stained cells confirmed the staining results and revealed that iSCAPs had significantly higher cell staining at each given time point than that of the SCAPs (Fig. 2A, panel b) . Direct cell counting experiment further confirmed that iSCAPs grow faster than primary SCAPs (Fig. 2B) . Thus, these results demonstrate that iSCAPs can be maintained in long-term culture and exhibit much higher proliferation rate.
Cre recombinase can reverse the iSCAPs' proliferative activity
As shown in Fig. 1B (Fig. 2C, panel a) . The efficient removal of SV40 T antigen by Cre expression was confirmed by RT-PCR analysis in AdCre-infected iSCAPs, but not in the GFP control (Fig. 2C, panel b) . When cell proliferation was analyzed using MTT assay, we found that cell proliferation rate of the AdCre-transduced iSCAPs was significantly decreased compared with the AdGFP-infected iSCAPs (Fig. 2C, panel c) . Similar results were obtained from crystal violet staining assays and direct cell counting experiments (data not shown). Taken together, these results indicate that the proliferative activity of iSCAPs can be effectively reversed by Cre recombinase.
iSCAPs express MSC markers
Considering that SCAPs should exhibit certain features of mesenchymal progenitors, we characterized the expression
FIG. 2. Proliferative activity and
Cre-mediated reversibility of the iSCAPs. (A) Crystal violet staining for cell proliferation and viability of iSCAPs. Subconfluent iSCAPs and primary SCAPs ( < 3 passages) were seeded in 12-well cell culture plates and stained with crystal violet at the indicated time points (a). The stained cells were dissolved in 10% acetic acid and optical absorbance was measured at 570 to 590 nm (b). Staining for each condition was carried out in triplicate. (B) Viable cell counting. Subconfluent iSCAPs and primary SCAPs (< 3 passages) were seeded in 24-well cell culture plates. Cells were collected at the indicated time points and stained with Trypan blue; viable cells were counted in triplicate. (C) Cre-mediated removal of SV40 T antigen in iSCAPs. Subconfluent iSCAPs were effectively transduced with AdCre or control adenoviral vector AdGFP (a). The Cre recombinase-mediated removal of SV40 T antigen in iSCAPs was confirmed by RT-PCR analysis (b). The AdCre-or AdGFP-transduced iSCAPs were seeded at a low confluence and subjected to MTT assay at the indicated time points (c). Each assay condition was done in triplicate. Color images available online at www.liebertpub.com/scd of MSC markers in iSCAPs using immunofluorescence staining. Consensus human MSC markers include CD73, CD44, CD90/Thy-1, CD105/Endoglin, and CD166/ALCAM [43] . We found that the just-mentioned markers were readily detectable in iSCAPs (Fig. 3, panel a-e) . Further, we found the expression of other mesenchymal and/or progenitor markers, such as CD133/Prom1, BMPRII, CD117/c-kit, and CD29/integrin b1 (Fig. 3, panel f and i) [20] . We also conducted quantitative flow cytometry analysis of the iSCAPs stained with the antibodies against the five consensus MSC markers, and found that *88% to 94% of the iSCAPs were stained positive for these markers ( Supplementary  Fig. S1 ). In addition, the iSCAPs lacked the expression of CD45 and CD34 (data not shown). Taken together, these results demonstrate that the iSCAPs express most of the conventional MSC markers, suggesting that these cells may possess MSC-like phenotypes.
iSCAPs are capable of differentiating into multiple lineages upon BMP9 stimulation
We previously demonstrated that BMP9 is one of the most potent factors that can induce osteogenic, adipogenic, and, to a lesser extent, chondrogenic differentiation [12] [13] [14] [15] [16] . Given the fact that iSCAPs express MSC markers, we tested whether the iSCAPs were able to differentiate into osteogenic, chondrogenic, and adipogenic lineages [8, 9] . When the primary SCAPs and iSCAPs were transduced with BMP9 or GFP adenoviral vector, the three key lineagespecific regulators Runx2 (osteogenic), Sox9 (chondrogenic), and PPARg2 (adipogenic) were significantly upregulated at as early as day 3 in both primary and immortalized SCAPs (Fig. 4, panel a) . We further analyzed the expression of osteoblastic/odontoblastic differentiation markers, such as osteopontin (OPN), osteocalcin (OCN), and bone sialoprotein (BSP). OPN and OCN were upregulated by BMP9 at all examined time points in both primary and immortalized SCAPs, while BSP was significantly upregulated at later time points (Fig. 4, panel b) . Lastly, we studied the BMP9-induced expression of odonotogenic differentiation markers, such as matrix extracellular phosphoglycoprotein (MEPE), dentin matrix acidic phosphoprotein 1 (DMP1), and dentin sialophosphoprotein (DSPP). We found that both MEPE and DMP1 were upregulated by BMP9, while DSPP expression was upregulated with higher endogenous expression (Fig. 4,  panel c) . These results indicate that the iSCAPs retain multipotency and are capable of differentiating into MSC lineages upon BMP9 stimulation.
We further analyzed the osteogenic potential of the iSCAPs. When primary SCAPs and iSCAPs were stimulated with BMP9 or control GFP, we found that early osteogenic marker ALP was readily detectable in BMP9-, but not GFP,
FIG. 3.
Endogenous expression of mesenchymal stem cell (MSC) markers in the iSCAPs. Subconfluent iSCAPs were seeded in 24-well cell culture plates for 24 h. Cells were fixed and subjected to immunofluorescence staining with the indicated primary antibodies (a-i), as described in the ''Materials and Methods'' section. Cell nuclei were counterstained with DAPI. Control IgG and minus primary antibody staining were performed as negative controls (not shown). Representative results are shown. Color images available online at www.liebertpub.com/scd stimulated cells at as early as day 3, and that the BMP9-stimulated iSCAPs exhibited stronger ALP staining than that of primary SCAPs (Fig. 5A, panels a and b) . BMP9-induced ALP activities in SCAPs and iSCAPs were also quantitatively determined and similar results were obtained (Fig. 5B) . We further demonstrated that BMP9-transduced iSCAPs effectively underwent late stage of osteogenic differentiation as evidenced by matrix mineralization assessed with Alizarin Red S staining (Fig. 5C ). When adipogenic potential was examined, we found that the iSCAPs were readily induced to differentiate into adipocytes upon BMP9 stimulation (Fig. 5D ). Taking together, we demonstrate osteogenic and adipogenic potential of the iSCAPs upon BMP9 stimulation.
BMP9 induces effective ectopic bone formation, chondrogenesis, and, to a lesser extent, adipogenesis from iSCAPs
We further tested whether the iSCAPs are able to undergo multilineage differentiation in vivo. Using our previously established stem cell implantation assay [12, 13, 15, 26, 29, 39] , we transduced the iSCAPs with AdBMP9 or AdGFP in culture and collected and injected the cells subcutaneously (SQ) or intramuscularly (IM) into athymic nude mice. Bony masses were retrieved from mice injected with BMP9-transduced iSCAPs after 4 weeks (Fig. 6A) , while no masses were formed in the cells transduced with AdGFP. We also tested the primary SCAPs for the in vivo studies and found that only very small masses were detected in BMP9 treatment group (data not shown). mCT imaging indicated that intramuscular injection of BMP9-transduced iSCAPs formed larger and more robust masses than that of the SQ injection (Fig. 6A, panels a, b vs. c, d) . Analysis of the average total bone volume indicates that the bone masses were significantly larger than that of SQ injection (P < 0.001) (Fig. 6B, panel a) . However, there was no significant difference in mean bone density between the two injection routes (Fig. 6B, panel b) . H & E staining of the retrieved masses from both SQ and IM injections indicates that BMP9-transduced iSCAPs formed mature and fully mineralized osteoid matrix (Fig. 6C, panels a and d) . Interestingly, only sparsely distributed adipocytes were observed, which are significantly lower than that in BMP9-stimulated MSCs or immortalized mouse embryonic fibroblasts (iMEFs) we previously reported [13, 15, 20, 32, [39] [40] [41] . The presence of chondrocytes and chondroid matrix was evident in both groups with alcian blue staining (Fig. 6C , panels b and e). Trichrome staining further confirms that BMP9-transduced iSCAPs can form mature and highly mineralized osteoid matrix in vivo (Fig. 6C, panels c and f) . Thus, the in vivo results strongly suggest that iSCAPs may give rise to osteo/odontogenic, chondrogenic, and, to a lesser extent, adipogenic lineages, which can be effectively initiated by BMP9.
Discussion
Using the SCAPs isolated from the apical papilla tissue of mouse lower incisor teeth, we demonstrate that these cells can be effectively immortalized with SV40 T antigen. The immortalization is reversible. Further, the iSCAPs express most of the examined MSC markers, and retain multipotent potential of differentiating into osteoblastic/odontoblastic, chondrogenic, and adipogenic lineages, upon BMP9 stimulation, both in vitro and in vivo. Thus, the iSCAPs may be used as a valuable tool to study SCAP biology and the possible utility of SCAPs in tooth engineering. Our results also suggest that BMP9 may be explored as a novel and efficacious factor for odontogenic regeneration.
FIG. 4.
Bone morphogenetic protein 9 (BMP9) induces expression of lineage markers and osteo/odontogenic differentiation markers in iSCAPs. Subconfluent iSCAPs (A) and primary SCAPs (B) were transduced with AdBMP9 or AdGFP. Total RNA was isolated at the indicated time points and subjected to reverse transcription. The resulted RT products were used for semiquantitative PCR (sqPCR) analysis using primers specific for MSC-lineage-specific genes (a), late osteo/odontogenic markers (b), and odontoblast differentiation markers (c). Each sqPCRs were carried out at least in two independent batches of experiments. All samples were normalized with the endogenous GAPDH expression level. Representative results are shown.
Dental stem cells are considered as MSC-like progenitors. Thus, markers that are used for identifying MSCs are also used for dental stem cells. Unfortunately, MSCs usually lack specific markers. It is generally accepted that MSCs have to satisfy three criteria [43] . First, MSCs must be plastic adherent when maintained in standard culture conditions. Second, more than 95% of the MSC population should express CD105, CD73, and CD90, but lack expression ( < 2% positive) of CD45 and CD34. Third, the cells must be able to differentiate to osteoblasts, adipocytes, and chondroblasts under standard in vitro differentiating conditions [43] . We have shown that the iSCAPs express CD105 and CD73, and other stromal/progenitor cell markers, such as CD44, CD99, c-kit/CD117, CD29, CD133, and CD166. A recent study compared the osteo/odontogenic differentiation potential of human DPSCs and human SCAPs [44] . It was shown that both types of stem cells displayed an active potential for cellular migration, organization, and mineralization, producing 3D mineralized structures, progressively expressing differentiation markers, including DSPP, BSP, OCN, and ALP, with the characteristics of osteodentin [44] . Interestingly, SCAPs showed a significantly higher proliferation rate and mineralization potential [44] , suggesting that SCAPs may serve a better source of progenitors for dental tissue engineering.
Two types of dental stem cells were previously immortalized. Saito et al. reported that a cementoblast progenitor cell line, BCPb8, was isolated from dental follicle cells and immortalized with Bmi-1 and hTERT [45] . The immortalized BCPb8 showed the potential to differentiate into cementoblasts on implantation in vivo [45] . It was further reported that mouse PDL progenitors of mouse dental follicle (MDF) cells from mouse incisor tooth germs could be immortalized by expressing a mutant HPV type 16 E6 gene without the PDZdomain-binding motif [46] . The resultant MDF (E6-EGFP) cells had an extended life span, expressed tendon/ligamentphenotype-related genes, and had the capacity to generate PDL-like tissue that expressed periostin, Scx, and type XII collagen and the fibrillar assembly of type I collagen [46] .
Because the life span of primary dental stem cells, such as SCAPs, is limited and the isolation of primary SCAPs is The arrows indicate the formed heterotopic bone masses. The 3D reconstruction was performed for all scanned samples, and the average total bone volume (a) and relative mean bone density (b) were determined using the Amira 5.3 software (B). After mCT imaging was completed, the samples were decalcified and subjected to paraffin-embedded sectioning for histologic evaluation (C), including hematoxylin and eosin (H & E) staining (a & d), alcian blue staining (b & e), and trichrome staining (c & f). Representative results are shown. Color images available online at www.liebertpub.com/scd time consuming and labor intensive. Thus, there is an essential need to develop SCAPs with infinite growth. Cell immortalization and transformation strategies have been widely used [47] . In general, transformation approaches involve in overexpression of oncogenes and/or inactivation of tumor-suppressor genes. Commonly used oncogenes include KRas, c-myc, CDK4, and cyclin D1, to name a few, while the frequently inactivated tumor suppressor genes are p53, Rb, and p16
INK
. Another commonly used gene for immortalization is telomerase (TERT). Ectopic expression of the catalytic subunit of mouse telomerase (MTert) confers a growth advantage to primary MEFs and facilitates their spontaneous immortalization by targeting the TGFb pathway [48] .
In this study, we use SV40 large T antigen to immortalize SCAPs. Large T antigen plays essential roles in the infection of permissive cells, leading to production of progeny SV40 virions, and in the infection of nonpermissive cells, leading to malignant transformation [49] . The ability of SV40 large T antigen to immortalize cells is largely dependent on its ability to complex with p53. Unlike the oncogenes, SV40 T-antigentransformed cells are in general less tumorigenic [50] . Thus, SV40 T antigen has become one of the most commonly used genes to immortalize primary mammalian cells. In fact, using the reported system [17] , we have successfully immortalized MEFs, hepatic progenitor cells, melanoblastic progenitor cells, and fetal cardiomyogenic progenitors [18] [19] [20] [21] [22] . These immortalized cells can be reversed and maintained indefinitely in culture without losing their lineage-specific differentiation potential.
In summary, to overcome the challenges in maintaining sufficient SCAPs for in vitro and in vivo studies, we demonstrate that SCAPs can be efficiently immortalized by SV40 T antigen. The reversibly iSCAPs exhibit high proliferative activity and maintain long-term cell proliferation, which can be reversed by introducing Cre recombinase. The iSCAPs express most of the MSC markers and retain multipotent differentiation potential as they can differentiate into osteo/odontogenic, chondrogenic, and adipogenic lineages upon BMP9 stimulation. Thus, the iSCAPs should be a valuable tool for studying SCAP biology and the SCAP translational use in tooth engineering. Further, BMP9 may be explored as a novel and efficacious factor for odontogenic tissue engineering.
